Good functional expression is a hallmark in the successful path of a protein therapeutic. While antibodies can be produced in gram/liter quantities in mammalian or *Escherichia coli* (*E. coli*) cells, efforts to improve yields are typically required to reach manufacturing levels. Screening methods to improve antibody expression may be applied at multiple stages in therapeutic development, and therefore, use of an *E. coli* expression host for this optimization is attractive as growth and expression is faster than in a mammalian host.

Several approaches have been taken to increase antibody yields in *E. coli*, including changes of the signal sequence, translation initiation region, and cell strain, as well as co-expression of chaperones[@b1][@b2][@b3][@b4]. Additionally, saturation mutagenesis of select positions in the antibody sequence has been shown to identify mutants conferring superior functional expression and stability[@b5]. However, as this approach predominantly leads to amino acid changes that are not found in the natural repertoire of antibodies, a risk of introducing immunogenic sequences into antibodies of therapeutic interest remains.

To reduce this risk we investigated the natural antibody diversity within a subgroup that occurs during somatic hypermutation. We reasoned that these changes are structurally desired and tolerated by the immune system, since the resulting antibody is productively secreted by B-cells. Moreover, we focused our studies on the framework regions, and not the complementarity determining regions, to maintain the antibody affinity. While this concept to create natural diversity has been used by others to generate libraries for antibody discovery or affinity maturation[@b6], its contribution to antibody folding and conformational stability is poorly understood.

Screening and detection of small changes in antibody expression is a challenging problem. Western blot, ELISA, or small scale purification have been used, but these techniques are limited by their inherent variability and low throughput. These problems could be overcome using an antibody display system, as it enables high throughput screening of large libraries. Several cell display technologies have been developed over the past 20 years. While the fast replication times of bacteria should offer bacterial display accelerated round to round progression compared to other cell display technologies[@b7][@b8][@b9], these advantages have been offset by significant compromises in order to retain antibody in the cell and keep it accessible to antigen[@b10]. Displaying large molecules as fusions to outer membrane proteins is difficult, limiting the applications of these systems to peptides or small proteins[@b11][@b12][@b13]. To allow display of larger proteins, systems were developed to bring ligands into the *E. coli* periplasm. While this was successful for small ligands[@b14][@b15], large antigens required removal of the outer membrane[@b16], which leads to cell death and requires additional time-consuming molecular manipulation between rounds. As a result, these systems have not been widely adopted. To overcome these limitations, we developed a live Bacterial Antibody Display (BAD) system in *E. coli*, and applied it to study antibody expression and folding, a novel application for cell display.

In our BAD system, the antibody is exported into the *E. coli* periplasm to facilitate correct folding. Using an engineered cell strain with an *lpp* gene deletion, and with the addition of EDTA, we enable fluorescently labeled antigen to enter these cells and bind expressed antibody. This is the first time a large protein antigen has been shown to enter and be retained in a live bacterial cell setting. These stained cells can be sorted by FACS and recovered for rapid round to round progression. Furthermore, with no tether needed, we can display a variety of antibody formats: full-length IgG, knobs-into-holes half-antibodies, or Fab.

In this work, we show that BAD has very high resolution and can resolve small differences in antibody functional expression. These properties allowed us to identify framework variants that substantially increase expression and *in vitro* thermostability of two therapeutically relevant antibodies, anti-IL-13 and anti-VEGF. Furthermore, the variants identified in *E. coli* translate to improved expression in a mammalian host system. In summary, we establish BAD as a valuable technology to study and improve *in vitro* properties of a protein.

Results
=======

Existing bacterial display systems have technical limitations preventing the use of full-length antibody formats and large protein antigen together in a live cell setting[@b3][@b10][@b11][@b13][@b14][@b15][@b16]. To overcome these limitations, we explored novel ways to deliver the antigen past the bacterial outer membrane. We took advantage of the observation that deletion of Lpp, one of the major outer membrane proteins, renders the outer membrane semi-permeable, and that EDTA can further permeabilize the membrane[@b17][@b18]. While this genetic background is exploited to leak proteins from the periplasmic space into the media to facilitate purification[@b19], we rationalized that the converse process could provide a mechanism to deliver proteins into the periplasm. To test this hypothesis, we expressed an anti-IL-13 IgG in a ∆*lpp* background and studied by fluorescent microscopy if cells treated with EDTA can bind exogenously added IL-13 cytokine that is fluorescently labeled. Only cells expressing antibody retain antigen ([Fig. 1A](#f1){ref-type="fig"}), indicating that a membrane tether is not required to efficiently retain antibody in the cells. While IL-13 antigen has a molecular weight of \~15 kDa, staining with an anti-Fc F(ab')~2~ suggests that antigens up to \~100 kDa can efficiently enter and be retained in the periplasm of permeabilized cells. However, we discovered that use of EDTA to permeabilize the cells resulted in decreased cell viability (data not shown). To overcome the viability decrease, we added MgCl~2~ after staining with antigen and EDTA, which restored the viability to levels seen before EDTA treatment ([Fig. 1B](#f1){ref-type="fig"}).

Next, we explored if other antibody formats could be efficiently retained in the periplasm to bind antigen. Similar to the full-length antibody, both the Fab and half-antibody formats can be expressed and stained with antigen without impacting viability ([Fig. 1B](#f1){ref-type="fig"}). While empty vector control (pBR322) cells show auto-fluorescence by FACS that contributes to a high background, all tested antibody formats give an antigen specific signal above this background that would enable efficient sorting ([Fig. 1C](#f1){ref-type="fig"}). Half-antibodies with knobs-into-holes Fc technology are of interest as they can be used to generate full-length bispecific antibodies[@b20][@b21][@b22]. For all following display experiments, half-antibody constructs were utilized.

We have shown that our Bacterial Antibody Display (BAD) technology overcomes the current limits of bacterial display by delivering full-length antigen into live cells which should allow rapid round to round progression using FACS selection ([Fig. 1D](#f1){ref-type="fig"}). In a first step we tested enrichment of a binding antibody from a pool of non-binders. We spiked cells expressing an anti-IL-13 antibody into a pool of cells expressing anti-VEGF.1 antibodies. To provide a means of tracking ratios of each antibody in the mixture, we used an anti-VEGF plasmid conferring only carbenicillin resistance, while the anti-IL-13 plasmid confers both carbenicillin and tetracycline resistance. Accuracy of spiking was initially determined by spot plating serial dilutions of the mixed culture at 1:10^5^ and 1:10^6^ ratios on carbenicillin or tetracycline containing plates, through which we were able to confirm that the anti-IL-13 antibody was represented in the pool at the anticipated frequency ([Fig. 2A](#f2){ref-type="fig"}). For accurate quantification of the sorting experiments that followed, sort inputs and outputs were plated and colonies were counted to calculate the ratio of anti-IL-13 to anti-VEGF.1 in each sample. Starting with a 1:10^6^ ratio of anti-IL-13:anti-VEGF.1, we performed two rounds of BAD by sorting for the anti-IL-13-positive cells and achieved a 235,000-fold enrichment ([Fig. 2B](#f2){ref-type="fig"}). To ensure we could enrich a separate antigen/antibody pair, we performed the converse experiment and saw a 19,500-fold enrichment of the binding anti-VEGF.1 antibody after two rounds of FACS ([Fig. 2B](#f2){ref-type="fig"}). This enrichment corresponds to a large VEGF-positive shift in the population after the second round of FACS ([Fig. 2C](#f2){ref-type="fig"}). These experiments confirm that binding clones can be rapidly and highly enriched by our BAD system.

Next, we investigated if we could enrich for the best expression or folding variants of the same antibody. To test the resolution of our system, we used a half-antibody based on anti-VEGF.2 antibody along with three variants that have different expression levels. The variants include different combinations of light chain (L4M, S24R, F71Y) and heavy chain (E6Q, M34I) mutations. Non-reduced soluble samples were detected with an anti-human Fc antibody by western blot and expression levels were normalized to anti-VEGF.2 half-antibody wild-type (WT) ([Fig. 3A](#f3){ref-type="fig"}). Anti-VEGF.2 WT has the lowest functional expression, while L4M.E6Q.M34I, F71Y.E6Q.M34I, and S24R.E6Q.M34I have 3.7-, 5.6- and 7.2-fold increases in expression levels, respectively. To ensure that expression and FACS shift were in agreement, we used BAD to determine the individual FACS shifts for anti-VEGF.2 WT and variants stained with fluorescently labeled VEGF ([Fig. 3B](#f3){ref-type="fig"}). The FACS mean fluorescence intensities ranked in the same order as the expression levels, with L4M.E6Q.M34I, F71Y.E6Q.M34I, and S24R.E6Q.M34I having 1.25 +/− 0.2, 1.37 +/− 0.2, and 1.4 +/− 0.3 fold-increases compared to WT anti-VEGF.2. Thus, these antibodies were good candidates for testing if BAD can select for the best expressing antibodies.

We performed a BAD screen combining anti-VEGF.2 WT with the three variants. Two rounds of FACS were performed and the top 1% of VEGF-binding clones was sorted in each round. The FACS shift of the four combined anti-VEGF antibodies was monitored over two rounds of sorting ([Fig. 3C](#f3){ref-type="fig"}). We observe a bimodal distribution of cells in some of the samples, which we attribute to partial cell permeabilization and background autofluorescence of *E. coli*. The VEGF binding signal of the pooled variants (blue) overlays after two rounds of sorting with the best expression variant, S24R.E6Q.M34I (orange), suggesting that the better expressing antibodies are being enriched. The Input sequencing shows that all four anti-VEGF antibodies are present at the start of the sort, while anti-VEGF.2 WT and L4M.E6Q.M34I are partially depleted after Round 1 ([Fig. 3D](#f3){ref-type="fig"}). After Round 2, anti-VEGF.2 WT and L4M.E6Q.M34I are not detected, and only F71Y.E6Q.M34I and S24R.E6Q.M34I are enriched. This data demonstrates that despite small expression differences BAD can successfully enrich for the best expressing antibodies.

In an effort to increase the functional expression of an antibody, we utilized the natural framework diversity that occurs during somatic hypermutation. We examined the Kabat database[@b23] of naturally occurring antibodies and identified amino acid changes from germline in the framework regions of kappa 4 light chain and VH2 heavy chain subtypes, the same as our anti-IL-13 antibody ([Supplemental Fig. 1](#S1){ref-type="supplementary-material"}). We reasoned that framework residues were less likely to affect affinity than the residues in the complementarity determining regions. Additionally, we focused on buried but not surface exposed residues based on a homology model, further hypothesizing that these could contribute to increased antibody folding and stability.

We performed a BAD screen with 33 individual framework variants of the anti-IL-13 half-antibody, which included 5 light chain variants and 28 heavy chain variants, and the anti-IL-13 WT ([Supplemental Fig. 2](#S1){ref-type="supplementary-material"}). Monitoring the FACS data over two rounds, the anti-IL-13 framework variants show an increase in binding to IL-13 antigen compared to anti-IL-13 WT ([Fig. 4A](#f4){ref-type="fig"}). We sorted for the top 1% of IL-13 positive cells, and the sort outputs were sequenced. Anti-IL-13 WT is depleted by Round 2 ([Fig. 4B](#f4){ref-type="fig"}), and the light chain M4L variant is largely enriched (82% of sequenced clones). In addition, the heavy chain variant E6Q (14% of sequenced clones) is also enriched, while the heavy chain variants S25Y, F27L, L29I and L45P and the light chain variant S12A are each observed in less than 2% of the sequenced clones.

To validate that the anti-IL-13 framework variants found after Round 2 increase functional expression, their expression levels in *E. coli* were compared using an anti-human Fc western blot. The light chain variant M4L shows the highest increase in expression, about 2-fold better than anti-IL-13 WT ([Fig. 4C](#f4){ref-type="fig"}), correlating to the best enrichment by BAD. The heavy chain framework variants E6Q and F27L also have higher expression levels than anti-IL-13 WT ([Fig. 4C](#f4){ref-type="fig"}), whereas the rest of the variants have similar expression to anti-IL-13 WT (data not shown). The western blot data correlates to the ranking seen with individual framework variants binding to IL-13 antigen, measured by FACS mean fluorescence intensity (data not shown). We used antigen concentrations well above the K~D~ in the FACS to minimize the contribution of affinity differences and ensure that expression levels were driving the identification of the anti-IL-13 framework variants. Binding kinetic data was collected and confirms that the anti-IL-13 framework variants M4L, E6Q, F27L and anti-IL-13 WT have comparable affinities ([Table 1](#t1){ref-type="table"}).

In previous reports mutations that increased antibody expression in *E. coli* did not translate to eukaryotic host systems[@b5][@b24]. We were interested to see if our screening strategy had identified variants that correlate to higher secretion levels in mammalian cells, allowing translatability of variant selection between expression hosts. Therefore, we examined the HEK 293T cell expression yields of the anti-IL-13 half-antibodies that provided an expression increase in *E. coli* ([Fig. 4C](#f4){ref-type="fig"}). While the gains were slightly smaller in eukaryotic cells, we observed a linear correlation (R = 0.96, p = 0.04) in expression gains between the two hosts.

To investigate if the improvement in expression is correlated to an increase in conformational stability, we performed differential scanning fluorimetry (DSF). The melting temperatures of anti-IL-13 Fabs produced in *E. coli* with M4L, E6Q, or F27L mutations were compared to WT ([Fig. 4D](#f4){ref-type="fig"}). The M4L variant increases thermal stability by about 5 °C (Tm of 75.1 ± 0.3 °C) compared to WT anti-IL-13 (Tm of 69.4 ± 0.4 °C). The E6Q and F27L mutations, however, do not yield a significant increase in thermodynamic stability. To verify that the increase in thermostability for the M4L variant is host independent, we produced anti-IL-13 as IgG in CHO cells. A similar 5 °C increase in thermostability was seen in the eukaryotic host.

We postulated that combining the anti-IL-13 variants identified by our BAD screen might be additive and further increase functional expression. Therefore, we examined expression levels in *E. coli* and mammalian cells for combinations of M4L, E6Q, and F27L ([Fig. 4C](#f4){ref-type="fig"}). The double combination M4L.E6Q shows an additive increase in expression levels in both hosts. These two variants were the only variants largely enriched in our BAD screen, further supporting the selection capabilities of our technology. Additionally, only variant combinations containing the M4L mutation show a 5 °C increase in thermal stability ([Fig. 4D](#f4){ref-type="fig"}). Thus, we identified a set of core framework variants that increase protein folding in multiple host systems and improve *in vitro* thermal stability of an anti-IL-13 antibody. While we improved the *in vitro* properties of the molecule, the clinical relevance of such variants has not been tested.

To further confirm that this strategy is generally applicable, we extended our studies to an antibody from a different germline, the anti-VEGF.3 antibody. Anti-VEGF.3 has kappa 1 light chain and VH3 heavy chain subtypes. Similar to our approach with anti-IL-13, naturally occurring antibodies with these distinct subtypes were collated from the Kabat database, and framework positions with variability from somatic hypermuation were identified ([Supplemental Fig. 3](#S1){ref-type="supplementary-material"}). Positions known to be important for VEGF binding[@b25] and those that are solvent exposed were excluded in the analysis to lower the impact on affinity or potential immunogenicity, respectively.

We performed a BAD screen with the identified anti-VEGF framework variants, combining 47 light chain variants, 36 heavy chain variants, and anti-VEGF.3 WT. We sorted the top 0.5% VEGF-positive cells for three rounds. Anti-VEGF.3 WT is depleted by Round 1 as judged by sequencing of 192 output clones (data not shown) and framework variants show an increase in binding to VEGF antigen compared to anti-VEGF.3 WT with progressing rounds ([Fig. 5A](#f5){ref-type="fig"}).

After Round 3, clones were enriched ([Fig. 5A](#f5){ref-type="fig"}) and we confirmed the variants selected in BAD by expression in *E. coli* and HEK 293 T cells. Anti-VEGF heavy chain variants E6Q, V48L, and V48I (85%, 7%, and 3% of sequenced clones, respectively), improved expression by approximately 3-4.5-fold in *E. coli* ([Fig. 5B](#f5){ref-type="fig"}). We next investigated if the improved expression is correlated to increased stability by performing DSF. All high expressing variants showed improved thermostability by about 3 °C compared to anti-VEGF.3 WT ([Fig. 5C](#f5){ref-type="fig"}). The side chains of E6 and V48 ([Fig. 5D](#f5){ref-type="fig"}) are positioned in the core of the beta-barrel of the variable heavy chain VEGF-Fab G6[@b26]. Since the E6Q or V48L/I variants improve folding and provide superior stability, it suggests that the beta-sheet interface is slightly underpacked, and removal of the charge or a larger side chain improve the packing. The V37I (1% of Round 3 sequenced clones) heavy chain variant improved the expression to a lesser extent (2.3-fold in *E. coli*) and increased thermostability by 2 °C ([Fig. 5C](#f5){ref-type="fig"}). In contrast to E6 and V48, V37 is found at the interface with the light chain ([Fig. 5D](#f5){ref-type="fig"}), illustrating the importance of the inter-chain as well as intra-chain contacts for antibody stability and folding.

Next we combined the framework variants to study the potential of additive effects. All double variants had additive effects with improvements on functional expression of up to 5.6-fold in *E. coli* ([Fig. 5B](#f5){ref-type="fig"}), while the combination of the three variants did not further improve the expression of the anti-VEGF.3 antibody. Importantly, similar affinities to anti-VEGF.3 WT were observed for all single, double and triple variants ([Table 2](#t2){ref-type="table"}). To our surprise, additive effects were observed with all variant combinations on protein stability, and the wild-type Fab is successively further stabilized up to 7.6 °C by combining variants at all three positions ([Fig. 5C](#f5){ref-type="fig"}). This impressive increase in thermal stability highlights how BAD technology can be used during therapeutic antibody development to identify variants with improved thermal stability.

When these variants and combinations were expressed in a mammalian system, several of the expression yields were consistent with the results observed in *E. coli* ([Fig. 5B](#f5){ref-type="fig"}). All single variants, except V37I, improved the expression in HEK 293T cells by almost 2- to 3-fold. We saw an additional increase in expression by combining E6Q and V48I variants, and this was further improved by the V37I variant. The best expression was seen with this E6Q.V37I.V48I variant, which provided almost 4- or 6-fold increases in antibody yields in HEK 293T and *E. coli*, respectively.

In summary, this work demonstrates that the expression yields and conformational stability of an antibody can be significantly optimized by a few changes in the framework region without altering the antigen affinity. Even though these framework variants were initially identified in *E. coli* cells, expression increases translated to mammalian cells. This in turn supports the idea that the naturally occurring process of somatic hypermutation also enables B-cells to select for antibodies with improved stability and higher expression yields independent of antigen binding.

Discussion
==========

In this work, we establish a new library design based on the natural diversity found in the antibody framework region. Using this library in a newly developed live bacterial display system that does not require reformatting between selection rounds, we identify variant combinations that improve full-length antibody expression and stability in both *E. coli* and mammalian expression systems. This was enabled by the tight correlation between expression and thermostability in *E. coli*.

Previously, antibody expression and thermostability have been improved through the use of saturation mutagenesis[@b5], rational mutagenesis[@b27], error-prone PCR[@b28], exchanging residues between framework subtypes[@b24], or grafting the antibody binding residues onto a highly stable framework[@b29]. Contrary to these studies, we limited the number of framework mutations and focused on the natural diversity within a given subgroup, a novel approach for engineering a therapeutic antibody to reduce the immunogenicity risk, and maintain antigen-binding affinity. Furthermore, by restricting the residue changes to single, non-solvent exposed positions we designed a small, effective library that increased antibody yields and thermostability. This work further supports a recent study suggesting that framework mutations are introduced by somatic hypermutation to offset instability caused by affinity increasing mutations in the complementarity determining regions[@b30]. In addition, our work suggests that the majority of possible changes in the framework residues introduced during somatic hypermutation may have negative or neutral impact on antibody stability and expression, as only 5-10% of the single variants show improvements. However, combining these rare mutations can show additive effects to greatly improve expression and thermostability.

Most therapeutic proteins are produced in mammalian cells[@b31], however there is a growing interest in using *E. coli* as an expression host for antibody or antibody-like proteins of therapeutic interest[@b21][@b32][@b33][@b34]. Therefore, it was desirable to establish a screening tool that can improve expression across host systems. In previous studies, variants that improved expression in *E. coli* did not improve expression in mammalian and yeast systems[@b5][@b24]. Our BAD system successfully identified framework variants that improve expression in both *E. coli* and mammalian systems. One reason for our success could be that we screen variants in *E. coli* using a full-length antibody format instead of using a Fab or scFv[@b5][@b24]. Additionally, our success could be based on our library design, which mimics the natural diversity introduced by somatic hypermutation rather than introducing non-natural changes. Previous work has shown that nature has already preselected these positions and changes to improve expression[@b30].

More thermodynamically stable proteins often have higher yields when expressed in the periplasm of *E. coli*[@b5][@b35] or in *Saccharomyces cerevisiae*[@b36][@b37], and they also increase the long-term stability of proteins of therapeutic interest[@b38][@b39]. Thus, high thermostability is commonly a desired characteristic for a protein therapeutic. Most studies have focused on improving stability in proteins other than antibodies[@b36][@b37], yet there are a few instances where antibodies were used. For example, the stability of an IgG1 Fc region was improved using yeast display combined with heat incubation. While similar gains in thermostability were observed compared to our method, the viability of the cells was sacrificed requiring PCR reformatting between selection rounds[@b28]. In addition, Fab and scFv stability were improved using *E. coli* and the gains translated from *E. coli* to yeast and mammalian expressed IgG[@b5][@b24]. In both approaches, multiple non-native changes were required to increase antibody stability. In our approach, a single variant from natural framework diversity can yield an equivalent or better increase in thermostability compared to previous methods.

During the discovery process, the framework region is often neglected due to the focus on residues important for antigen binding, thus leading to antibodies that may have suboptimal *in vitro* properties. Somatic mutations in hybridoma antibodies derived from wild-type or human transgenic animals are naturally selected by the B-cell for expression and antigen binding. Grafting CDRs into a germline or consensus framework, can leave behind the co-selected framework variants contributing to antibody stability and expression. Similarly during phage display or other *in vitro* selection methods, CDR-libraries may not be compatible with a standard framework, leading to antibody instability and aggregation[@b40]. Moreover, antibodies that display these poor *in vitro* characteristics can be lost during the selection process due to poor expression, decreasing the effective library size and excluding potential high-affinity binders. Here, we show that the use of framework libraries derived from naturally occurring somatic mutations can rescue antibody stability that is lost during the therapeutic discovery process. In addition to providing solutions to move antibodies into clinical development, it may be advantageous to include this framework diversity in the library design, allowing sampling of the full library diversity as well as selection of antibodies with improved *in vitro* properties.

Now that we have simplified the bacterial display process, it makes it an attractive tool for use in many applications. In the antibody community, it could be used with larger libraries for Fc-engineering, antibody discovery, or affinity maturation. The limitations of library size while screening with FACS could be overcome by using a pre-enriched phage library[@b41]. Beyond antibodies, our BAD system could be applicable as a general high throughput tool to study protein export, folding, or localization in the *E. coli* periplasm, as it offers a true readout in a cellular host environment. A major strength of our system is the non-tethered approach that now allows use of the native protein format, making fusion partners, reporter proteins, or membrane tethers unnecessary[@b42][@b43]. Furthermore, our live cell setting approach now enables the rapidly evolving field of genomic engineering to screen for desired host characteristics, something that was unattainable with previous display technologies.

Materials and Methods
=====================

Plasmid construction and expression
-----------------------------------

Antibodies were cloned by standard molecular biology techniques into single *E. coli* expression vectors with individual cistrons for light and heavy chain[@b1][@b44] or separate mammalian expression vectors containing either light or heavy chain[@b45][@b46]. Expression of antibody genes in *E. coli* is controlled by the alkaline phosphatase promoter and targeted to the periplasm by the STII signal sequence. Expression of antibody genes in mammalian cells is controlled by the CMV promoter. Antibody expression was carried out using 50 mL *E. coli* cell cultures[@b21] or 30 mL transient transfection cultures of CHO[@b47] or HEK293T[@b48] cells as previously described.

Strain engineering
------------------

The ∆lpp deletion was transduced by P1-transduction[@b49] into 62A7 (W3110 Δ*fhuA (ΔtonA) ptr3, lacIq, lacL8, ompTΔ(nmpc-fepE) ΔdegP ilvG*^*+*^) and 64B4 (W3110 Δ*fhuA (ΔtonA) ΔphoA ilvG2096 (ilvG*^*+*^*; Val*^*r*^*) ΔmanA Δprc spr43H1 ΔdegP lacI*^*q*^*ΔompT*)[@b50] from JW1667 (Δ*(araD-araB)567 ΔlacZ4787*(::rrnB-3) *λ*^*−*^*Δlpp-752::kan rph-1 Δ(rhaD-rhaB)568 hsdR514*) (obtained from the Coli Genetic Stock Center, Yale)[@b51]. Strains were cured of kanamycin resistance by λ RED recombinase[@b52] to obtain 66C4 and 65G4, respectively.

Antibody purification
---------------------

For purification of Fab protein from *E. coli*, protein was expressed as described earlier[@b20] in strain 65G4. After growth of a 500 mL culture in completely radical alkaline phosphatase medium (CRAP)[@b1][@b53] for 24 hours at 30 °C, EDTA pH 8.0 was added to 10 mM final concentration. Incubation continued for 1 hr at 30 °C at 200 rpm, before MgCl~2~ was added to 20 mM final concentration. Cell debris was removed by centrifugation (20 minutes, 4,500 rcf, 4 °C), 400 μg Desoxyribonuclease I (Sigma-Aldrich, USA) added before the supernatant was filtered through a GF/F filter (Whatman, England) and 0.2 μ PES filter (Thermo Fischer Scientific, USA). 1.5 mL Protein G slurry (GE Healthcare, USA) was added to 50 mL lysate and incubated overnight at room temperature. Unbound proteins were removed by washing with PBS, Fab protein was eluted with 4 ml 50 mM phosphoric acid pH 3, neutralized with 20 x PBS, and concentrated with an Amicon Ultra-4 concentrator (10,000 MW cutoff) (Merck Millipore, Ireland).

Human IgG1 was purified from mammalian culture supernatants by MabSelectSure (GE Healthcare, USA) according to the manufacturers protocol. For human Fab purification from mammalian culture supernantants, a FLAG tag was added to the C-terminus of the heavy chain and the Fab was purified with anti-FLAG resin according to the manufacturers protocol (Sigma-Aldrich, USA). Protein yields were quantified by determining the absorbance at 280nm and using the protein specific extinction coefficient.

Antigens
--------

Expression and purification of human VEGF~8-109~ was described previously[@b54]. Unizyme tagged human IL-13~33-146~ was expressed in *E. coli*, purified by Ni-NTA chromatography (Qiagen, Germany) under denaturing conditions and refolded. Proteins were fluorescently labeled with Alexa Fluor 488 or Alexa Fluor 647 succinimidyl ester (Invitrogen, USA) according to the manufacturers protocol. DyLight^649^ labeled goat anti-human IgG Fc F(ab')~2~-fragment was obtained from Jackson Immuno Research, USA.

Bacterial Antibody Display and FACS
-----------------------------------

For bacterial display, antibodies were expressed in a 66C4 cured of kanamycin resistance. For spiking experiments or experiments with individual framework variants, cells were individually transformed with the respective plasmids, grown as overnight cultures at 30 °C, combined in the ratios described or equally by volume and used at a 1:100 dilution to inoculate 50 mL CRAP cultures. After 24 hours at 30 °C, 1 OD aliquots were harvested and pelleted by centrifugation (4 minutes, 6500 rcf). Cells were resuspended in 100 μL PBS with 2% BSA and 5mM EDTA and incubated at 4 °C for 30 minutes. After initial incubation, SYTO 41 or 9 nucleic acid stain (Molecular Probes, USA) was added to a final dilution of 1:100, and Alexa^488^ or Alexa^647^ labeled antigen added to a final concentration of 1--2 μM. Incubation was continued at 4 °C in darkness for 1 hour, at which time MgCl~2~ was added to 10-20 mM final concentration. Unbound proteins were removed by washing 3 times with 1 mL volumes of PBS + 20 mM MgCl~2~. Stained cells were resuspended in SOC medium (New England Biolabs, USA) to a final concentration of 1 × 10^7^ cells/ml for analysis and 1 × 10^6^ cells/ml for sorting using a Becton Dickenson FACS AriaII Flow Cytometer. The data was processed using FlowJo and an automated scaling mode was used that normalizes the number of cells. The FACS gating strategy included cells that were SYTO dye-positive. Doublet discrimination gates were used to remove doublets and finally antigen-positive cells were sorted. Cells were sorted into SOC media, recovered at 30 °C overnight, and used to reinoculate expression cultures or frozen as glycerol stocks.

The cell populations that are shown in the histograms are the total number of cells that stain positive for DNA dye, which include antigen-positive and antigen-negative cells. The signal from the large number of antigen-negative cells goes to 100% in the histograms, however it is difficult to see because many of them are close to the y-axis.

Microscopy
----------

Expression and staining of cells for fluorescent microscopy was performed identically to the bacterial display protocol described above. Following the PBS with 20 mM MgCl~2~ wash steps, cells were resuspended in 100 μL PBS with 20 mM MgCl~2~ and mixed with 1% gelatin at 37 °C for slide preparation. Fluorescent microscopy was performed using a Zeiss Axio Imager A1.

Immunoblots
-----------

Immunoblotting was performed as described previously[@b20], except antibodies were expressed in 62A7.

Protein stability measurements by differential scanning fluorimetry
-------------------------------------------------------------------

Protein stability was determined in a Biorad CFX96 Real-Time System (Biorad, USA) with a final dilution of 1:500 of the Sypro Orange dye stock (Molecular Probes, USA). Fluorescence of a 25 μL sample (0.1 mg/ml) in PBS was recorded from 20--100 °C (0.2 °C increments, 10 seconds hold per step). The assignment of the Fab melt was done as published previously[@b55], the C~H~2 and C~H~3 domains had consistent transitions across the variants.

Periplasmic Extract
-------------------

To generate periplasmic extract for Biacore analysis, 40 mL of *E. coli* expression broth, from the bacterial antibody display strain, was pelleted by centrifugation at 5,000 rpm for 5 minutes. Pellets were resuspended in 1.5 mL of cold 50 mM Tris pH 8.0, 1 mM EDTA and 500 mM sucrose and incubated on ice for 30 min with shaking. After centrifugation of the sample at 9000 rpm for 10 min, the supernatant was collected as the periplasmic extract.

Biacore
-------

The binding kinetics of the anti-IL-13 and anti-VEGF antibodies was measured using surface plasmon resonance on a Biacore 3000 or T200 instrument (GE Healthcare), respectively. All kinetics experiments were performed at a flow rate of 30 μL/min, at 25 °C, and with a running buffer of 10 mM HEPES, pH 7.4, 150 mM NaCl, and 0.005% Tween 20. For anti-IL-13, Fab Binder from the Human Fab Capture Kit (GE Healthcare) was immobilized on a CM5 sensor chip via amine-based coupling to capture anti-IL-13 half antibodies from *E. coli* periplasmic extracts. Human IL-13 binding to the antibody was measured using a two-fold concentration series of cytokine with a range of 1.56 to 50 nM. Sensorgrams for binding of IL-13 were recorded using an injection time of 120 seconds followed by 1000 seconds of dissociation time and regeneration of the surface between cycles with glycine pH 2.1. For anti-VEGF, human VEGF was immobilized on a CM5 sensor chip via amine-based coupling. A three-fold concentration series of anti-VEGF Fabs ranging from 6.17 to 500 nM was used to analyze binding to VEGF. Single cycle kinetics sensorgrams were recorded using an injection time of 120 seconds followed by 300 seconds of dissociation time and regeneration of the surface between cycles with 20 mM HCl. All sensorgrams observed for antigen binding to antibodies were analyzed using a 1:1 Langmuir binding model to calculate the kinetics and binding constants.
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![Antigen can be targeted to antibody expressing cells for Bacterial Antibody Display (BAD).\
(**A**) Fluorescence microscopy visualizes specific targeting of IL-13 antigen to antibody expressing cells. Cells expressing an anti-IL-13 antibody or the empty vector control (pBR322) were stained with Syto 41 (nucleic acid stain, blue), Alexa^488^ labeled IL-13 (green), or DyLight^649^ labeled anti-human Fc F(ab')~2~ (red) antibodies. Only cells expressing the antibody stain positive with IL-13 antigen and anti-Fc. (**B**) Viability of cells is not impacted by the staining conditions. Serial dilutions of cells expressing different anti-IL-13 antibody formats or the empty control vector (pBR322) before (Pre-Stain) and after EDTA treatment and antigen staining, followed by MgCl~2~ addition (Post-Stain) were plated. No difference in viability is observed between the unstained and stained cells. (**C**) Flow cytometric analysis of cells expressing different formats of an anti-IL-13 antibody (IgG (orange), half-antibody (blue), and Fab (green)) or pBR322 control cells (black, shaded) after staining with fluorescently labeled IL-13. All formats are suitable for BAD with a shift above the pBR322 control. (**D**) Schematic diagram of BAD. Cells are permeabilized by treatment with EDTA, incubated with fluorescently labeled antigen, and the integrity of the outer membrane restored by addition of MgCl~2~. The top ≤ 1% antigen-positive cells are sorted by flow cytometry and either progress after regrowth into a subsequent round for further enrichment or are collected for analysis.](srep17488-f1){#f1}

![BAD can rapidly enrich rare binding antibodies from a pool of non-binders.\
(**A**) Bacteria carrying a plasmid encoding an anti-IL-13 antibody (carbenicillin (Carb) and tetracycline (Tet) resistant) were spiked 1:10[@b5] or 1:10^6^ into bacteria transformed with a plasmid coding for an anti-VEGF.1 antibody (carbenicillin resistant). The existence of rare anti-IL-13 expressing bacteria was visualized by plating serial dilutions onto carbenicillin (total bacterial count) and tetracycline (bacteria carrying anti-IL-13 plasmid only) containing plates, confirming the expected ratios. (**B**) Spiked cultures were BAD sorted with Alexa^647^-labeled antigen. Sort input and outputs were plated on both a carbenicillin and a tetracycline plate, as in (**A**) to determine the ratio of antigen positive cells in the population. Rapid enrichment is seen of cells displaying an anti-IL-13 (circle) or anti-VEGF-antibody (square) spiked into a pool of cells displaying non-binding antibodies at a ratio of 1:10^6^ over two rounds (Rd) of BAD sorting. (**C**) Flow cytometric analysis of the anti-VEGF spiking experiment in Fig. 2B. A significant portion of the population binds to VEGF antigen after two rounds of FACS.](srep17488-f2){#f2}

![BAD resolves small differences in functional expression of anti-VEGF.2 antibody and three variants.\
(Color in panels **A--D**: anti-VEGF.2 WT (green), L4M.E6Q.M34I (purple), F71Y.E6Q.M34I (cyan), and S24R.E6Q.M34I (orange)). (**A**) Western blot expression levels of anti-VEGF.2 variants. Non-reduced soluble samples were detected with an anti-human Fc antibody and quantified using a LICOR Odyssey instrument. The signal was normalized to the half-antibody band of anti-VEGF.2 WT and n = 3 experiments. All variants have expression levels better than WT. (**B**) Representative flow cytometric analysis of individual anti-VEGF.2 variants. Anti-VEGF.2 WT has a higher shift than unstained cells (black, shaded). All variants have better shifts than WT, and correlate to the expression rankings seen by western blot (panel **A**). (**C**) Enrichment of best expressing variants from a pool of anti-VEGF.2 WT and three variants by BAD. The FACS signal of the pool (blue) shifts more positive over two rounds by sorting for the top 1% VEGF-binding cells. The lowest expressing anti-VEGF.2 WT (green) and the best expressing variant S24R.E6Q.M34I (orange) were analyzed in each round and are shown for comparison. (**D**) Anti-VEGF.2 variant enrichment over two rounds of sorting. 96 clones were sequenced, and the highest expressing anti-VEGF.2 variants, F71Y.E6Q.M34I (cyan) and S24R.E6Q.M34I (orange), are enriched after two rounds, while the two lowest expression variants are depleted.](srep17488-f3){#f3}

![BAD identifies anti-IL-13 framework variants that increase functional expression from a library of natural diversity variants.\
(**A**) Round enrichment of anti-IL-13 framework variants. Overlaid FACS dot plots show that anti-IL-13 framework (FR) variants (blue) shift more positive over each round compared with anti-IL-13 wild-type (WT) (orange) and unstained cells (black, shaded). (**B**) Anti-IL-13 library round enrichment. Data displayed from Round 1 and Round 2 are from sequencing 186 and 226 clones, respectively. M4L and E6Q are the most enriched variants after two rounds of BAD. (**C**) Correlation of the expression of anti-IL-13 variants and their combinations in mammalian (HEK293T) and *E. coli* cells. Improvement in expression is seen in both host systems. For *E. coli* expression, non-reduced soluble half-antibody samples were detected with an anti-human Fc antibody and quantified using a LICOR Odyssey instrument. For HEK293T expression, the Protein A purified IgG yields were quantified. The expressions were normalized to anti-IL-13 WT and n = 3 experiments. (**D**) Thermostability of anti-IL-13 variants and their combinations measured by differential scanning fluorimetry (DSF). All variants containing M4L show a 5 °C increase in thermostability independent of the host expression system. To measure thermostability, Fabs and IgG were purified from *E. coli* and CHO cells, respectively. We report the values for the Fab transition.](srep17488-f4){#f4}

![Anti-VEGF.3 framework variants with increased expression and thermostability are selected by BAD.\
(**A**) Anti-VEGF framework library enrichment is seen after each round of FACS. Flow cytometric analysis shows after Round 1 that anti-VEGF framework (FR) library variants (blue) shift better than anti-VEGF.3 wild-type (WT) (orange) or unstained cells (black, shaded), and the shift is further pronounced by Round 2. (**B**) A subset of the anti-VEGF framework variants and their combinations that improved expression in *E. coli* also show an increase in mammalian (HEK293T) expression (green panel). Expression was normalized to anti-VEGF WT and was determined by an anti-Fc western blot of half-antibody (*E. coli*) or Protein A purified IgG (HEK 293T), and n = 3 experiments. (**C**) Anti-VEGF.3 framework variants increase thermostability and their combinations have an additive effect. Differential scanning fluorimetry shows that the single framework variants E6Q, V37I, V48L or V48I (grey panel) increase thermostability. The double variants (orange panel) further increase thermostability, and the triple variants (salmon panel) have the best additive increases. Fab transition values of the IgG are reported with n = 3 experiments. (**D**) The identified framework residues which increase expression and thermostability are shown on the x-ray crystal structure of anti-VEGF G6 in complex with VEGF (PDB: 2FJG). V37I (purple) and V48I (orange) mutations were modeled, while Q6 (magenta) was in the native antibody structure. The three residues are located within a plane in the core of the variable heavy (VH) chain (grey). E6 and V48I are located on separate strands in the beta barrel core of the VH domain, while V37I is in the buried interface between the variable heavy and variable light (VL) chain (yellow). VEGF antigen (green), constant heavy (CH), constant light (CL).](srep17488-f5){#f5}

###### Antigen affinity of anti-IL-13 half-antibody framework variants.

          k~a~ (1/Ms, E + 5)   k~d~ (1/s, E-5)     K~D~ (nM)
  ------ -------------------- ----------------- ---------------
  WT         13.0 ± 0.700        5.09 ± 1.40     0.040 ± 0.013
  M4L        11.1 ± 0.603        3.16 ± 1.12     0.029 ± 0.010
  E6Q        11.3 ± 1.01        4.26 ± 0.445     0.038 ± 0.007
  F27L       13.0 ± 0.954       4.43 ± 0.362     0.034 ± 0.003

All experiments were performed 3 times.

###### Antigen affinity of anti-VEGF.3 Fab framework variants.

                   k~a~ (1/Ms, E + 5)   k~d~ (1/s, E-5)    K~D~ (nM)
  --------------- -------------------- ----------------- -------------
  WT                 0.313 ± 0.016        47.1 ± 1.94     15.1 ± 1.17
  E6Q                0.448 ± 0.011        59.2 ± 3.71     13.2 ± 1.05
  V37I               0.330 ± 0.014        50.8 ± 3.75     15.4 ± 1.79
  V48L               0.346 ± 0.024        47.1 ± 3.26     13.6 ± 1.21
  V48I               0.319 ± 0.011        47.1 ± 2.61     14.8 ± 1.25
  E6Q.V37I           0.428 ± 0.008        57.7 ± 2.75     13.5 ± 9.17
  E6Q.V48L           0.457 ± 0.013        50.6 ± 2.66     11.1 ± 9.07
  E6Q.V48I           0.421 ± 0.013        56.6 ± 2.60     13.5 ± 1.06
  V37I.V48L          0.352 ± 0.015        45.0 ± 2.82     12.8 ± 1.37
  V37I.V48I          0.335 ± 0.014        50.5 ± 3.32     15.1 ± 1.61
  E6Q.V37I.V48L      0.471 ± 0.079        53.0 ± 2.75     11.5 ± 2.21
  E6Q.V37I.V48I      0.414 ± 0.015        58.4 ± 3.42     14.2 ± 1.36

All experiments were performed 3 times.
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